Electroencephalographic gamma band oscillations (GBOs) induced over the human primary somatosensory cortex (SI) by nociceptive stimuli have been hypothesized to reflect cortical processing involved directly in pain perception, because their magnitude correlates with pain intensity. However, as stimuli perceived as more painful are also more salient, an alternative interpretation of this correlation isthatGBOsreflectunspecificstimulus-triggeredattentionalprocessing.Infact,thisissuggestedbyrecentobservationsthatotherfeaturesofthe electroencephalographic (EEG) response correlate with pain perception when stimuli are presented in isolation, but not when their saliency is reduced by repetition. Here, by delivering trains of three nociceptive stimuli at a constant 1 s interval, and using different energies to elicit graded pain intensities, we demonstrate that GBOs recorded over SI always predict the subjective pain intensity, even when saliency is reduced by repetition. These results provide evidence for a close relationship between GBOs and the cortical activity subserving pain perception.
Introduction
Stimulus-induced enhancements of electroencephalographic (EEG) power in the gamma frequency range (30 -100 Hz) have been consistently observed in multiple sensory modalities (Womelsdorf et al., 2006; Fries, 2009; Karns and Knight, 2009; Herrmann and Kaiser, 2011) and hypothesized to play a crucial role in cortical integration and perception (Tallon-Baudry et al., 1997; Rodriguez et al., 1999) . Recently, using electroencephalography and magnetoencephalography (MEG), it has been reported that also nociceptive stimuli elicit gamma-band oscillations (GBOs) within the human primary somatosensory cortex (SI; Gross et al., 2007; Hauck et al., 2007) . Because the magnitude of these GBOs correlates with the subjective pain intensity, it has been suggested that they reflect cortical activity related directly to the perception of pain (Gross et al., 2007; Schulz et al., 2011b ).
However, the described relationship between the magnitude of GBOs and pain perception (Gross et al., 2007) cannot, as such, be considered as evidence that GBOs are related directly to the pain experience. Indeed, because these GBOs were elicited by transient and intense nociceptive stimuli presented in isolation, the observed relationship could also be interpreted as the indirect consequence of the fact that stimuli perceived as more painful are also necessarily more salient and, thus, more prone to trigger mechanisms of attentional capture or arousal (Iannetti and Mouraux, 2010; Legrain et al., 2011) . In fact, this alternative interpretation has been recently shown to explain the well characterized relationship between the intensity of pain perception and the magnitude of virtually all other features of the nociceptiveevoked EEG response (e.g., the N1, N2, and P2 waves of laserevoked potentials), thus suggesting that these responses reflect non-pain-specific processes related to attentional capture or arousal (Downar et al., 2000) .
For these reasons, a crucial question must be addressed: are laser-induced GBOs truly and directly related to the intensity of pain perception (Gross et al., 2007; Schulz et al., 2011b) ? Or, such as the other EEG responses to nociceptive stimuli, is their magnitude largely determined by stimulus saliency ?
Here we addressed this question using an experimental design consisting in the repetition of three identical nociceptive stimuli (1) at a short and constant 1 s interstimulus interval (ISI), to reduce the novelty of the repeated stimuli, and (2) using four different stimulus energies, to elicit graded intensities of pain perception. Using a point-by-point repeated-measures ANOVA combined with nonparametric permutation testing to compare the time-frequency representations of the oscillatory EEG responses triggered by each of the three nociceptive stimuli repeated at a constant 1 s interval, we found that, unlike all other features of the nociceptive-evoked EEG response, the magnitude of GBOs correlates significantly with the intensity of pain perception, independently of stimulus repetition. This correlation was maximal over the scalp electrodes overlying the left and right SIs. Furthermore, using a Granger causality analysis, we observed that the GBOs recorded over the SI contralateral to the stimulated hand causally determine the GBOs recorded over the SI ipsilateral to the stimulated hand.
Together, our results show that, unlike all other well studied features of the EEG response to nociceptive input, GBOs predict the amount of pain perceived by a human participant, independently of the novelty content of the stimulus, thus indicating that GBOs could reflect cortical activity related directly to the emergence of painful percepts in humans.
Materials and Methods

Participants, experimental paradigm, and EEG recording
The analyses of this study were performed on the dataset collected for a previous study . Seven healthy subjects (five men and two women) aged 24 -42 years (mean 29 Ϯ 6) participated in the study. All participants gave written informed consent, and the local ethics committee approved the experimental procedures.
Participants were seated in a comfortable chair and wore protective goggles. They were asked to focus on the stimulus, relax their muscles and keep their eyes open while gazing slightly downward. Noxious radiant-heat stimuli were generated by an infrared neodymium yttrium aluminum perovskite laser with a wavelength of 1.34 m (Electronical Engineering). These laser pulses activate directly and selectively nociceptive terminals located in the most superficial skin layers (Baumgärtner et al., 2005; Iannetti et al., 2006) . Laser pulses were directed to the dorsum of the right and left hands, in two separate sessions performed on the same day. Data were collected from the right and left hands to (1) increase the total number of trials and, thereby, maximize the signal-to-noise ratio of the elicited EEG responses, and (2) determine whether the elicited EEG responses were lateralized as a function of the stimulated side. A coaxial He-Ne laser pointed to the area to be stimulated. The duration of the laser pulses was 4 ms. Beam diameter was set at ϳ7 mm (38 mm 2 ) by focusing lenses. Four different stimulus energies were used (E1: 2 J; E2: 2.5 J; E3: 3 J; E4: 3.5 J).
Stimuli were delivered in trains consisting of three consecutive stimuli (S1, S2, S3) of identical energy (E1, E2, E3, or E4), separated by a constant 1 s interstimulus interval. The time interval between two consecutive trains was 20 s. Three to six seconds after the end of each train, participants were asked to rate verbally the intensity of the pricking sensation elicited by each of the three laser stimuli, using a numerical rating scale ranging from 0 to 10, where 0 was defined as "no pain" and 10 was defined as "pain as bad as it can be" (Jensen and Karoly, 2001) . In each session, 20 trains at each of the four energies (E1-E4) were delivered, in random order, for a total of 80 trains per session.
The electroencephalogram was recorded continuously using seven AgAgCl electrodes placed on the scalp according to the International 10 -20 system (Fz, Cz, Pz, C3, C4, T3, and T4), using the nose as a common reference. To monitor ocular movements and eye blinks, electrooculographic (EOG) signals were simultaneously recorded from two surface electrodes, one placed over the lower eyelid, the other placed 1 cm lateral to the outer corner of the orbit. Signals were amplified and digitized using a sampling rate of 4096 Hz and a precision of 12 bits, giving a resolution of 0.195 V digit Ϫ1 (System Plus; Micromed).
EEG data analysis
The EEG data were preprocessed using Letswave , a free signal-processing toolbox developed in Delphi 7.0, and EEGLAB (Delorme and Makeig, 2004) , an open source toolbox running under the MATLAB (version 7.12, MathWorks) environment. EEG data preprocessing. Continuous EEG data were bandpass filtered from 1 to 30 Hz (for analysis in the time domain) and from 1 to 100 Hz (for analysis in the time-frequency domain). EEG epochs were extracted using a window ranging from 1 s before the onset of the first stimulus (S1) to 1 s after the onset of the third stimulus (S3) of each train (total epoch duration: 4 s) and baseline corrected using the interval ranging from Ϫ1 to 0 s relative to the onset of S1.
Trials contaminated by eye-blinks and movements were corrected using an independent component analysis (ICA) algorithm (Makeig et al., 1997; Jung et al., 2001; Delorme and Makeig, 2004) . In all datasets, individual eye movements, showing a large EOG channel contribution and a frontal scalp distribution, were clearly seen in the removed independent components. EEG epochs were then visually inspected and trials contaminated by artifacts due to gross movements were removed.
After artifacts rejection, EEG epochs were classified in four categories (I1-I4) according to the intensity of the painful percept elicited by the stimulus. This was achieved by rescaling the ratings of each participant between 0 and 100, defining 0 as the smallest pain rating and 100 as the largest pain rating of that participant . For each participant, trials were classified in four categories (I1: Յ25, I2: Ͼ25 and Յ50, I3: Ͼ50 and Յ75, I4: Ͼ75). Trials in each category were averaged together, thus obtaining four average waveforms for each participant. The average number of trials in each category (I1-I4) was not significantly different (F ϭ 0.38, p Ͼ 0.77, one-way ANOVA).
Time-frequency analysis. A time-frequency representation of each single EEG epoch was obtained using a windowed Fourier transform (WFT) with a fixed 200 ms width Hanning window. Such a time-frequency analysis was chosen to achieve a good tradeoff between time resolution and frequency resolution in the range of gamma band EEG frequencies (30 -100 Hz). In previous studies, laser-induced gamma-band oscillations have been observed at a latency of ϳ200 ms after stimulus onset, within a frequency range of 50 to 100 Hz (Gross et al., 2007; Tiemann et al., 2010) . A 200 ms Hanning window is appropriate for identifying these responses, as (1) it provides a sufficiently high frequency resolution of 5 Hz, (2) it is adequate to avoid contamination of the estimates of poststimulus EEG responses by prestimulus activity, (3) it is in line with the duration of GBOs described by Gross et al. (2007) and Schulz et al. (2011b) .
The WFT yielded, for each single trial, a complex time-frequency spectral estimate F(t, f ) at each point (t, f ) of the time-frequency plane extending from Ϫ1 to ϩ3 s in the time domain, and from 1 to 100 Hz (in steps of 1 Hz) in the frequency domain. The magnitude of the stimulusinduced changes in oscillation amplitude (expressed as ER%) was estimated as follows:
( 1) where P(t, f) ϭ ͉F(t, f)͉ 2 is the power spectral density at each time-frequency point (t, f), and R( f) is the average power spectral density of the signal enclosed within the prestimulus reference interval (Ϫ900 to Ϫ100 ms before the onset of S1), for each estimated frequency f. The obtained timefrequency maps were then segmented into three separate maps ranging from 0 to 1 s relative to the onset of S1, S2, and S3, respectively. For each participant, condition (I1-I4) and stimulus (S1-S3), across-trial averaging of the ER% time-frequency representations yielded a time-frequency plot showing the average stimulus-induced changes of EEG oscillation power. Such time-frequency representations contain both phase-locked (laserevoked potentials, LEPs) and non-phase-locked (event-related synchronization and desynchronization, ERS and ERD) EEG responses.
Furthermore, to distinguish between phase-locked and non-phaselocked EEG responses, the phase-locking value (PLV; Lachaux et al., 1999) , which represents a measure of phase synchrony across trials, was calculated for each condition (I1-I4) and stimulus (S1-S3) of each participant, as follows:
where N is the number of trials. The PLV values, used thereinafter, were baseline corrected using the prestimulus reference interval (Ϫ900 to Ϫ100 ms before the onset of S1) for each estimated frequency f.
Point-by-point time-frequency statistical analysis.
A point-by-point two-way repeated-measures ANOVA, combined with nonparametric permutation testing (Maris and Oostenveld, 2007) , was used to assess the effects of stimulus repetition (S1-S3) and intensity of pain perception (I1-I4) on the stimulus-induced modulations of EEG power (ER%), and to define the significant regions of interest (ROIs) within the timefrequency spectrograms obtained at each EEG channel. This was performed in the following five steps.
First, each point (t, f ) of the ER% time-frequency maps was compared using a two-way repeated-measures ANOVA, with "stimulus repetition" (three levels: S1-S3) and "intensity of pain" (four levels: I1-I4) as factors. This yielded three time-frequency maps of F-values, representing (1) the main effect of stimulus repetition, (2) the main effect of intensity of pain and (3) the interaction between the two factors. Time-frequency points with a p-value Յ0.01 (F Ն 4.44 for the factor intensity of pain, F Ն 5.72 for the factor stimulus repetition, and F Ն 5.07 for their interaction) were selected for subsequent analyses.
Second, to account for the multiple-comparison problem in the pointby-point statistical analysis of time-frequency representations (Maris and Oostenveld, 2007) , significant time-frequency points ( p Յ 0.01) were categorized in clusters based on their adjacency in the timefrequency plane (cluster-level statistical analysis). Only clusters composed of Ͼ10 adjacent significant time-frequency points were considered, to account for the problem of multiple comparisons. The sum of the F-values of all time-frequency points composing a cluster, defined its cluster-level statistics (⌺ F ).
Third, for every participant, we randomly permutated 5000 times the time-frequency representations of the 12 conditions ([S1 S2 S3]ϫ[I1 I2 I3 I4]). In each permutation, the same two-way repeated-measures ANOVA was performed at every time-frequency point of the clusters identified in the second step, thus yielding a cluster-level statistics ⌺Ј F (m) at the m-th permutation. Permutation distributions D(⌺ F ) of the clusterlevel F-statistics were obtained from ⌺Ј F (m).
Fourth, for each cluster identified in the second step, its two-tailed p-value p F was obtained by locating the observed ⌺ F under the permutation distribution D(⌺ F ) estimated from permutated ⌺ F (m).
Fifth, clusters were used to define time-frequency ROIs for the subsequent quantitative analysis based on two criteria: (1) the cluster had a p-value smaller than a defined threshold (p F Յ 0.01); (2) only the cluster with the largest ⌺ F in the high-frequency region (Ն30 Hz) and the cluster with the largest ⌺ F in the low-frequency region (Ͻ30 Hz) were selected to control for false-positive observations (Maris and Oostenveld, 2007) . Thereby, within the entire time-frequency plane obtained at a given EEG channel, significant clusters were used to define up to two timefrequency ROIs (one below and one above 30 Hz) characterizing the main effect of stimulus repetition, the main effect of intensity of pain and the interaction between the two factors.
Last, the same statistical analysis (point-by-point, two-way repeated-measures ANOVA and nonparametric permutation testing) was performed to investigate the effect of the experimental factors stimulus repetition (three levels: S1-S3) and "stimulus energy" (four levels: E1-E4), on the time-frequency representations of power magnitude (ER%). Relationship between stimulus energy, stimulus repetition, and intensity of pain. Radiant heat (neodymium yttrium aluminum perovskite or Nd:YAP laser) stimuli were delivered in triplets (S1-S3), using 4 stimulus energies (E1-E4) and constant ISI of 1 s. Error bars represent the SEM. The stimulus energy was identical across the 3 stimuli constituting the triplet. Left, x-axis, stimulus number; y-axis, rescaled intensity of pain. Right, x-axis, stimulus energy; y-axis, rescaled intensity of pain. Note that intensity of pain perception was significantly and positively correlated with the stimulus energy (E1-E4), but not affected by stimulus repetition (S1-S3).
Figure 2.
Group-level average ERPs elicited by laser stimuli (S1, S2, and S3). The vertical dashed lines mark the onset of the three laser stimuli (S1-S3). Displayed signals were recorded at electrode Cc (nose reference). Top, Group-level average LEPs at different intensity of pain (I1-I4) in the time domain. x-axis, time (s); y-axis, magnitude (V). Middle, Group-level average time-frequency representation of laser-elicited modulation of EEG oscillation magnitude (ER%). x-axis, time (s); y-axis, frequency (Hz). The color scale represents the average increase (ERS%) or decrease (ERD%) of oscillation magnitude, relative to a prestimulus reference interval (Ϫ0.9 to Ϫ0.1 s before the onset of S1). Bottom, Group-level average PLV of laser-evoked brain responses. x-axis, time (s); y-axis, frequency (Hz). The color scale represents the average increase of PLV to the onset of the stimulus, relative to a prestimulus reference interval (Ϫ0.9 to Ϫ0.1 s before the onset of S1).
Region-of-interest statistical analysis.
As the point-by-point statistical analysis of the time-frequency maps obtained at each scalp electrode showed that stimulus-induced GBOs were maximal at the central electrode contralateral to the stimulated hand (Cc: C3 and C4 for right and left hand stimulation, respectively), and as previous studies have also shown such a scalp distribution (Gross et al., 2007; Hauck et al., 2007; Tiemann et al., 2010) , the Cc electrode was selected to compute summary values for each significant time-frequency ROI of each participant, as follows. We first computed the mean of all time-frequency points within that ROI for each participant, stimulus (S1-S3) and intensity of pain perception (I1-I4). The obtained summary values were then compared using a two-way repeated-measures ANOVA, with stimulus repetition (S1-S3) and intensity of pain (I1-I4) as factors. When the effect of stimulus repetition was significant, we performed a post hoc analysis using a paired-sample t test to compare the responses elicited by S1, S2, and S3. When the effect of intensity of pain was significant, we performed (1) a post hoc analysis using a paired-sample t test to compare the responses related to I1, I2, I3, and I4 and (2) a post hoc analysis using a linear regression between intensity of pain perception and response magnitude. When the interaction between the two factors was significant, we performed a post hoc analysis comparing the slopes of the linear regression between intensity of pain perception and response magnitude for S1, S2, and S3, to assess how the correlation between intensity of pain and response magnitude was affected by stimulus repetition.
The same procedure was used to assess the effect of the factors stimulus repetition (S1-S3) and stimulus energy (E1-E4), thus exploring possible different effects of subjective pain intensity (I1-I4) and stimulus energy (E1-E4) on the time-frequency representations of laser-induced EEG oscillations.
Granger causality analysis. To reveal the causal relationship between the peaks of activity detected at the central electrodes contralateral and ipsilateral to the stimulated hand, we calculated the Granger causality index (Granger, 1969) between the neural activities sampled at Cc and at Ci. The Granger causality has been recently demonstrated to be a powerful and effective tool for evaluating both the direction and the strength of the causality between different neuronal activations (Astolfi et al., 2007; Ploner et al., 2009; Sato et al., 2009; Schoffelen and Gross, 2009 ). The dynamics of the neural responses at Cc (x c ) and Ci (x i ) can be described using a bivariate linear autoregressive model as:
Figure 3. Time-frequency representations (ER% and PLV) of laser-EEG responses elicited by S1, S2, and S3, and at different intensity of pain (I1-I4). Displayed signals were recorded at electrode Cc (nose reference). EEG epochs were classified in 12 (3 ϫ 4) categories according to the stimulus repetition (S1, S2, and S3) and the rescaled intensity of pain (I1, 0 -25; I2, 26 -50; I3, 51-75; and I4, 76 -100). x-axis, time (ms); y-axis, frequency (Hz). Left, Time-frequency representations of laser-induced modulation of EEG oscillation magnitude (ER%) in 12 categories. The color scale represents the average increase (ERS%) or decrease (ERD%) of oscillation magnitude, relative to a prestimulus reference interval (Ϫ0.9 to Ϫ0.1 s before the onset of S1). Right, PLV of laser-evoked brain responses in 12 categories. The color scale represents the average increase of PLV to the onset of the stimulus, relative to a prestimulus reference interval (Ϫ0.9 to Ϫ0.1 s before the onset of S1).
where t is the time index, a is the coefficients of the autoregressive model e c and e i are prediction residuals with variance c and i , respectively. The model order P can be selected by the Bayesian information criterion (BIC) (Schwarz, 1978) . 
where c,1 and c,2 are, respectively, the variances of the prediction residual of x c with and without the involvement of x i in Equation 3. i,1 and i,2 are, respectively, the variances of the prediction residual of x i with and without the involvement of x c in Equation 4 (Geweke, 1982) .
Here, the neural responses detected at Cc and Ci are summarized as the time course of ER% values within the time interval extending from 86 to 328 ms, averaged within the frequency range from 47 to 76 Hz (as specified by the GBO regions identified by the point-bypoint time-frequency statistical analysis). The single-trial time courses were averaged across all epochs. Only epochs where the three stimuli elicited percepts with normalized ratings Ͼ50 were included in the analysis. The strengths of the Granger causalities from Cc to Ci and of those from Ci to Cc were then calculated for each participant and condition, and compared using a paired-sample t test.
Results
Quality and intensity of perception
For each of the four stimulus energies used (E1-E4), laser stimuli elicited a clear pinprick sensation in all participants, related to the activation of A␦ fibers (Bromm and Treede, 1984) . As expected, the intensity of pain was significantly and positively correlated with the energy of the laser stimulus ( p Ͻ 0.0001; Fig. 1 ). In contrast, stimulus repetition (S1-S3) did not affect the intensity of pain ( p ϭ 0.165; Fig. 1 ). Last, there was no interaction between the experimental factors stimulus energy and stimulus repetition ( p ϭ 0.996).
Laser-induced EEG responses
Time-frequency analysis revealed that the first laser stimulus (S1) elicited a clear phase-locked response corresponding to the LEP detected in the time-domain (LEP, 100 -400 ms, 1-12 Hz) and three distinct non-phase-locked activities consisting in (1) a synchronization of beta-band EEG oscillations ("␤-ERS," 100 -300 ms, 12-30 Hz) followed by (2) a desynchronization of beta-band EEG oscillations ("␤-ERD," 300 -1000 ms, 12-25 Hz) and (3) a transient synchronization of gamma-band EEG oscillations (GBO, 100 -300 ms, 30 -100 Hz) (Fig. 2, top and middle) . Only the LEP response showed high phase- Figure 4 . Effect of stimulus repetition (S1-S3) and intensity of pain (I1-I4) on the time-frequency representations of laser-induced modulation of EEG oscillation magnitude (ER%). Top, Two-way repeated-measures ANOVA to assess the effect of stimulus repetition and intensity of pain on the time-frequency representations of LEPs (ER%) and nonparametric permutation testing (Maris and Oostenveld, 2007) to define regions of interest. x-axis, time (ms); y-axis, frequency (Hz). The time-frequency pixels significantly affected by each experimentalfactor(orbytheinteractionbetweenthetwofactors)areoutlinedinred.ThecolorscalerepresentstheF-valuesforeachofthe factors and their interaction. Note that the time-frequency points with p Ͻ 0.01 (F Ͼ 4.44 for the factor intensity of pain; F Ͼ 5.72 for thefactorstimulusrepetition,andFϾ5.07fortheirinteraction)wereselectedforthesubsequentnonparametricpermutationtesting.The factor intensity of pain significantly modulated the time-frequency representations in two distinct regions (in red): low-frequency cluster (LEP: 86 -367 ms, 1-16 Hz) and high-frequency gamma band cluster (GBO: 86 -328 ms, 47-76 Hz). The factor stimulus repetition significantly modulated the time-frequency representations in one region: low-frequency cluster (1-523 ms, 1-26 Hz), which was larger thantheLEPcluster.Inaddition,asignificantinteractionbetweenthetwofactorswasfoundinalow-frequencycluster(141-328ms,1-10 Hz), indicating that the stimulus repetition reduced the strength of the relationship between intensity of perception and magnitude. Bottom left, Effect of stimulus repetition (S1-S3) at different intensities of pain (I1-I4), within the LEP and GBO regions. x-axis, stimulus number;y-axis:percentageofchangerelativetothereferenceinterval(ER%).Bottomright,Effectofintensityofpain(I1-I4)ateachtriplet stimulus (S1-S3), within the LEP and GBO regions. x-axis, intensity of pain; y-axis: percentage of change relative to the reference interval (ER%). Error bars represent the SEM. While the activity within the LEP region was significantly modulated by both stimulus repetition (the activity following S1 was significantly greater than the activity following S2 and S3) and intensity of pain (with higher magnitudes for stimuli perceived as more intense), the activity within the GBO region was only significantly modulated by intensity of pain.
locking values, confirming that the other responses were indeed non-phase-locked to the stimulus onset and, hence, not detectable using conventional across-trial averaging in the time domain (Fig. 2,  bottom) . Figure 3 shows the average time-frequency representations classified in 12 (3 ϫ 4) categories according to stimulus repetition (S1, S2, and S3) and intensity of pain (I1, I2, I3, and I4). The magnitude of the LEP and ␤-ERS responses was strongly modulated by stimulus repetition. In addition, their magnitude was positively correlated with the reported intensity of pain perception. In contrast, the magnitude of the ␤-ERD response was modulated neither by stimulus repetition nor by intensity of pain perception. In striking contrast with the behavior of the LEP and ␤-ERS responses, the magnitude of the laser-induced GBOs was not affected by stimulus repetition, but positively correlated with the reported intensity of pain perception (Fig. 3) .
Effect of stimulus repetition and intensity of pain
The two-way repeated-measures ANOVA combined with the nonparametric permutation testing identified the following significant clusters ( p Ͻ 0.001) in the time-frequency representations of the EEG responses elicited by the laser stimuli (Fig. 4) . First, the factor intensity of pain significantly modulated the signal amplitude in a low-frequency cluster (LEP: 86 -367 ms, 1-16 Hz, p Ͻ 0.001) and a high-frequency cluster in the range of gamma-band oscillations (GBO: 86 -328 ms, 47-76 Hz, p Ͻ 0.001). Second, the factor stimulus repetition significantly modulated the signal amplitude in a range of frequencies including both the LEP and the ␤-ERS response (1-523 ms, 1-26 Hz, p Ͻ 0.001), but, crucially, not including the GBO response. Third, there was a significant interaction between the factors stimulus repetition and intensity of pain in a low-frequency cluster (141-328 ms, 1-10 Hz, p Ͻ 0.001), indicating that, in this timefrequency region, stimulus repetition reduced the strength of the relationship between pain perception and signal amplitude. As the aim of this study was to characterize the laser-evoked brain responses related to the intensity of perceived pain, the signal in the two ROIs (LEP and GBO) that were both significantly modulated by the factor intensity of pain was extracted.
The summary values of the LEP cluster were significantly different at different intensities of pain perception (F ϭ 12.85, p Ͻ 0.0001), with higher magnitudes for stimuli perceived as more intense (Table 1) . Post hoc analyses revealed a significant linear correlation between LEP magnitude and intensity of perception (r 2 ϭ 0.11, p Ͻ 0.001). They were also significantly different in the responses elicited by S1, S2, and S3 (F ϭ 34.87, p Ͻ 0.0001). Post hoc comparisons revealed that the magnitudes of the LEP responses elicited by S2 and S3 were significantly reduced compared with the magnitude of the responses elicited by S1 ( p Ͻ 0.001). However, the magnitude of the LEP response elicited by S2 was not significantly different from that elicited by S3 ( p ϭ 0.16) (Fig. 4, Table 1 ). The r 2 values and the slopes of the linear correlations between intensity of pain and LEP magnitude for different stimulus repetitions were as follows: S1: r 2 ϭ 0.22 ( p ϭ 0.0007), slope ϭ 0.99; S2: r 2 ϭ 0.23 ( p ϭ 0.0005), slope ϭ 0.30; S3: r 2 ϭ 0.32 ( p Ͻ 0.0001), slope ϭ 0.33. There was also a significant interaction between the effects of stimulus repetition and intensity of pain (F ϭ 5.95, p ϭ 0.0001; Table 1 ), indicating that stimulus repetition significantly reduced the slope of the correlation between the magnitude of the LEP response and subjective pain intensity. Indeed, post hoc analysis revealed that the slope of the linear correlation between LEP magnitude and intensity of perception in S1 was significantly steeper than the slope of the linear correlation in S2 ( p ϭ 0.02) and S3 ( p ϭ 0.01), whereas the slopes for S2 and S3 were similar ( p ϭ 0.62) (Fig. 4) .
In contrast, the summary values of the GBO cluster were exclusively modulated by the factor intensity of pain (F ϭ 6.93, p Ͻ 0.001)-with higher magnitudes for stimuli perceived as more intense-and were not modulated by the factor stimulus repetition (F ϭ 0.15, p ϭ 0.86). Crucially, there was no interaction between the two factors (F ϭ 0.32, p ϭ 0.92; Tables 1 and 3) indicating that stimulus repetition did not reduce the slope of the correlation between the magnitude of the GBO response and subjective pain intensity. Post hoc comparisons revealed a significant linear correlation between GBO magnitude and intensity of pain (r 2 ϭ 0.12, p Ͻ 0.001). The r 2 values and the slopes of the linear correlations between intensity of pain and GBO magnitude for different stimulus repetitions were as follows: S1: r 2 ϭ 0.13 ( p ϭ 0.01), slope ϭ 0.34; S2: r 2 ϭ 0.11 ( p ϭ 0.02), slope ϭ 0.28; S3: r 2 ϭ 0.13 ( p ϭ 0.01), slope ϭ 0.26. The slopes of these linear correlations were not significantly different (S1 vs S2: p ϭ 0.61; S1 vs S3: p ϭ 0.61; S2 vs S3: p ϭ 0.81), thus indicating that the magnitude of the GBO cluster was positively correlated with the intensity of perceived pain regardless of stimulus repetition, i.e., not only in the response elicited by S1, but also in the responses elicited by S2 and S3. Figure 5 shows the scalp distribution of the F-values of the main effect of intensity of pain on the time-frequency representations of the laser-induced EEG responses, obtained using the two-way repeated-measures ANOVA and nonparametric permutation testing. The first and second largest significant GBO clusters were located at the contralateral and ipsilateral central electrodes (Cc and Ci), respectively.
Effect of stimulus repetition and stimulus energy
A two-way repeated-measures ANOVA combined with nonparametric permutation testing, performed with stimulus repetition (S1-S3) and stimulus energy (E1-E4) as factors, identified the following significant clusters ( p Ͻ 0.001) in the time-frequency representations of the EEG responses elicited by the laser stimuli (Fig. 6) . First, the factor stimulus energy significantly modulated the signal amplitude in a low-frequency cluster (LEP, 180 -281 ms, 1-6 Hz, p Ͻ 0.001). Second, the factor stimulus repetition significantly modulated the signal amplitude in a large low-frequency cluster (1-797 ms, 1-26 Hz, p Ͻ 0.001). Third, there was a significant interaction between the two factors in a low-frequency cluster (86 -227 ms, 1-18 Hz, p Ͻ 0.001), which indicated that, in this time-frequency region, stimulus repetition reduced the strength of the relationship between stimulus energy and signal amplitude. Notably, in contrast with the ANOVA exploring the effect of intensity of pain, no time-frequency points in the range of gamma band oscillations were significantly modulated by stimulus repetition, stimulus energy, or their interaction. As no significant cluster in the gamma range was significantly modulated by the factor stimulus energy, to quantify the effects of stimulus repetition and stimulus energy on the magnitude of laser-induced oscillations in the gamma range, the GBO clusters identified when investigating the effect of intensity of pain were used as ROIs to extract summary values.
The summary values of the LEP cluster were significantly different at different stimulus energies (F ϭ 5.68, p ϭ 0.003), with higher magnitudes for stimuli perceived as more intense (Table 2) . Post hoc analyses revealed a significant linear correlation between LEP magnitude and stimulus energy (r 2 ϭ 0.04, p ϭ 0.02) (Fig. 6 ). They were also significantly different in the responses elicited by S1, S2, and S3 (F ϭ 36.87, p Ͻ 0.0001). Post hoc comparisons revealed that the magnitudes of the LEP responses elicited by S2 and S3 were significantly reduced compared with the magnitude of the responses elicited by S1 ( p Ͻ 0.001). However, the magnitude of the LEP response elicited by S2 was not significantly different from that elicited by S3 ( p ϭ 0.21) (Fig. 6, Table 2 ). The r 2 values and the slopes of the linear correlations between stimulus energy and LEP magnitude for different stimulus repetitions were as follows: S1: r 2 ϭ 0.14 ( p ϭ 0.01), slope ϭ 0.95; S2: r 2 ϭ 0.03 ( p ϭ 0.24), slope ϭ 0.18; S3: r 2 ϭ 0.03 ( p ϭ 0.22), slope ϭ 0.16. There was also a significant interaction between the effects of stimulus energy and stimulus repetition on the summary values of the LEP response (F ϭ 3.13, p ϭ 0.009) ( Table 2) . Post hoc analysis revealed that the slopes of the linear correlation between LEP magnitude and stimulus energy for S1 was significantly steeper than those for S2 ( p ϭ 0.03) and S3 ( p ϭ 0.03), whereas those for S2 and S3 were similar ( p ϭ 0.64) (Fig. 6) . In contrast, the summary values of the GBO cluster were not significantly modulated by the factors stimulus energy (F ϭ 1.36, p ϭ 0.27), stimulus repetition (F ϭ 0.06, p ϭ 0.94) or by their interaction (F ϭ 0.55, p ϭ 0.77) ( Table 2) . Figure 7 shows the strength and time course of the laser-induced modulation of GBOs at electrodes Cc and Ci, together with the comparison of the Granger causality indexes from Cc to Ci and from Ci to Cc. The stimulus-induced increase of GBOs at the central electrode overlying the primary somatosensory cortex contralateral to the stimulated hand causally explained the in- crease of GBOs at the central electrodes overlying the primary somatosensory cortex ipsilateral to the stimulated hand. Indeed, the Granger causality index from Cc to Ci was significantly greater than the Granger causality index from Ci to Cc (3.22 Ϯ 0.19 vs 2.71 Ϯ 0.28, p ϭ 0.03).
Granger causality between the GBOs recorded at contralateral and ipsilateral central electrodes
Discussion
Here we describe a neurophysiological measure that is able to predict reliably the amount of pain perception in humans, regardless of the modulation in saliency content induced by stimulus repetition. Indeed, the magnitude of the gamma band oscillations (GBO) induced in the primary somatosensory cortex by nociceptive laser stimuli repeated at short (1 s) and constant interval robustly reflected the subjective pain intensity, regardless of stimulus repetition. This finding is in striking contrast with what was observed for all other laser-evoked EEG responses, whose magnitude was strongly modulated by stimulus repetition and, hence, was not determined by the perception of pain per se, but by the saliency content of the eliciting stimulus. Although the present data do not allow concluding that these GBOs reflect cortical activity that is specific for nociception, they do provide evidence for a close relationship between GBOs and the cortical activity subserving pain perception.
Laser-induced GBOs predict subjective pain intensity independently of stimulus saliency
In striking contrast with all other EEG responses to nociceptive stimuli (Fig. 4; Iannetti et al. 2008) , the magnitude of laserinduced GBOs was significantly modulated by the factor intensity of pain, independently of stimulus repetition. Indeed, stimulus repetition at a short and constant 1 s interval did not reduce the magnitude of the laser-induced GBOs, and did not disrupt the relationship between their magnitude and the subjective pain intensity. In other words, the magnitude of laser-induced GBOs was always predictive of the amount of pain perceived by the subject, and was unaffected by the novelty reduction resulting from stimulus repetition. This finding provides a major step forward in understanding the functional significance of GBOs, as it shows that they reflect cortical processes that faithfully reflect the intensity of perceived pain, regardless of the saliency content of the stimulus.
Gamma-band oscillations induced by nociceptive stimuli in SI were reported for the first time by Gross et al. (2007) , using MEG. By delivering identical nociceptive laser stimuli at an energy corresponding to the threshold to elicit a painful percept, they showed that stimuli perceived as painful yielded GBOs of greater magnitude than identical stimuli not perceived as painful, concluding that laser-induced GBOs "are particularly related to Figure 6 . Effect of stimulus repetition (S1-S3) and stimulus energy (E1-E4) on the time-frequency representations of laser-induced modulation of EEG oscillation magnitude (ER%). Top, Two-way repeated-measures ANOVA to assess the effect of stimulus repetition and stimulus energy and nonparametric permutation testing to define time-frequency regions of interest. x-axis, time (ms); y-axis, frequency (Hz). The time-frequency pixels significantly affected by each experimental factor (or by the interaction between the two factors) are outlinedinred.ThecolorscalerepresentstheF-valuesforeachofthefactorsandtheirinteraction.Notethatthetime-frequencypointswith p Ͻ 0.01 (F Ͼ 4.44 for the factor stimulus energy; F Ͼ 5.72 for the factor stimulus repetition, and F Ͼ 5.07 for their interaction) were selected for the subsequent nonparametric permutation testing. The factor stimulus energy significantly modulated the time-frequency representations in one region (in red): low-frequency cluster (LEP, 180 -281 ms, 1-6 Hz). The factor stimulus repetition significantly modulated the time-frequency representations in one low-frequency cluster (1-797 ms, 1-26 Hz). In addition, a significant interaction between the two factors was found in a low-frequency cluster (86 -227 ms, 1-18 Hz), indicating that the stimulus repetition reduced the strength of the relationship between stimulus energy and magnitude. For comparison, the GBO ROI identified in the analysis investigating theeffectofstimulusrepetition(S1-S3)andintensityofpain(I1-I4)onER%(seeFig.4)wereindicatedusingblacklines.Bottomleft,Effect of stimulus repetition (S1-S3) at different stimulus energies (E1-E4), within the LEP and GBO regions. x-axis, stimulus number; y-axis: percentage of change relative to the reference interval (ER%). Bottom right, Effect of stimulus energy (E1-E4) at each triplet stimulus (S1-S3),withintheLEPandGBOregions.x-axis,stimulusenergy;y-axis:percentageofchangerelativetothereferenceinterval(ER%).Error bars represent the SEM. Note that whereas the activity within the LEP region was significantly modulated by both stimulus repetition (the activity following S1 was significantly greater than the activity following S2 and S3) and stimulus energy (with higher magnitudes for stimuli of higher energy, but only in the response elicited by S1), the activity within the GBO region was modulated by neither stimulus repetition nor stimulus energy. the subjective perception of pain" (Gross et al., 2007) . However, the finding that the magnitude of the GBOs elicited by transient nociceptive stimuli delivered in isolation at long interstimulus intervals (between 10 and 14 s) correlates with the subjective pain intensity does not allow concluding that the novel responses described by Gross et al. (2007) constitute a direct correlate of pain perception. Indeed, this relationship between response magnitude and perceived pain could also result from the fact that stimuli eliciting a painful percept are necessarily more salient, i.e., more likely to capture attention, than stimuli not eliciting a painful percept. In other words, an alternative interpretation of this relationship would be that laserinduced GBOs reflect cortical activity that is unspecific for nociception, indirectly related to pain perception, and mainly related to the attentional mechanisms triggered by salient sensory input. Testing this alternative hypothesis is mandatory, considering (1) that such as the magnitude of laser-induced GBOs, the magnitude of virtually all other features of the EEG and magnetoencephalographic response also correlates with the subjective pain intensity provided that the eliciting stimuli are delivered using long and variable interstimulus intervals, but also (2) that this relationship is disrupted when the stimuli are repeated at a short and constant ISI (Bromm and Treede, 1987; Raij et al., 2003; Truini et al., 2004; Iannetti et al., 2008 ; for review, see Iannetti and Mouraux, 2010; Legrain et al., 2011) .
The current results were obtained using a paradigm specifically designed to modulate pain perception and stimulus saliency independently, and thus to dissect the modulatory effects related to the subjective pain intensity from those related to stimulus novelty and saliency. We show that, unlike all other features of the EEG response elicited by nociceptive stimulation, the magnitude of laser-induced GBOs correlates with the amount of pain perceived, independently of stimulus saliency. This finding is of primary importance. Indeed, building upon the previous descriptions of laser-induced GBOs (Gross et al., 2007; Hauck et al., 2007; Tiemann et al., 2010; Schulz et al., 2011a,b) , it demonstrates that these responses constitute a neurophysiological correlate that is related directly to the intensity of pain and, hence, are more likely to reflect activity specifically related to the processing of nociceptive input and the emergence of pain in humans. The implications of this finding are far-reaching, not only for basic research but also for clinical practice. Indeed, both diagnosis and monitoring of treatment efficacy still rely heavily on subjective and possibly biased verbal reports of pain perception Tracey, 2011) . In this respect, it will be imperative to assess the possibility of recording GBOs in a large cohort of healthy participants, not only in response to transient nociceptive stimuli but also during longer-lasting stimuli and spontaneous painful sensations, which are a hallmark of chronic pain conditions. Yuval-Greenberg et al. (2008) recently proposed that gamma-band oscillations induced by visual stimuli mainly originate from microsaccadic activity, thus triggering a heated debate about whether or not these responses truly reflect neural activity. The neural origin of the GBOs recorded in the present study is strongly supported by at least three lines of reasoning. First, EEG trials contaminated by eye-blinks and movements were identified and corrected using a validated ICA algorithm (Makeig et al., 1997; Jung et al., 2001; Delorme and Makeig, 2004) , which has been shown to remove effectively microsaccades (Keren et al., 2010) . Second, the significant GBO clusters were largest and discretely located at the contralateral and ipsilateral central electrodes (Fig. 5) , suggesting that laser-induced GBOs were mainly generated in SI. This is also supported by source analysis of magnetoencephalographic data, which has provided convincing evidence that laser-induced GBOs mainly originate from SI (Gross et al., 2007; Tiemann et al., 2010) . Third, Granger causality analysis revealed a clear directionality in the causal relation between the GBOs detected at the scalp sites contralateral and ipsilateral to the stimulated hand, with a clear indication that the GBOs recorded at electrodes overlying the contralateral SI determined the GBOs recorded at electrodes overlying the ipsilateral SI (Fig. 7) .
Neural origin and functional significance of laser-induced GBOs
Thereisthusconvergingevidencethatlaser-inducedGBOsoriginate from the ipsilateral and contralateral SI. Together with the results of other recent studies (e.g., Valentini et al., 2012) , this indicates a central role of SI in the processing of nociceptive stimuli. Most interestingly, the fact that GBOs constitute the only laser-induced EEG response which predicts the amount of perceived pain regardless of the saliency content of the stimulus, indicates that these neural activities originating from SI contribute directly to the emergence of a painful percept in response to nociceptive input. The early latency (86-328 ms) and short-lasting duration (242 ms) of laser-induced GBOs indicates that they are mediated by rapidly adapting type II A-fiber mechano-heat nociceptors responsible for the sensation of first pain (Treede et al., 1995) . However, the possibility that GBOs reflect cortical activity that is specific for the processing of somatosensory input, but not specific for the processing of nociceptive input should not be dismissed. Indeed, several studies have shown that non-nociceptive somatosensory stimuli also elicit GBOs within SI (Chen and Herrmann, 2001; Bauer et al., 2006; Fukuda et al., 2008) . Hence, nociceptive and non-nociceptive somatosensory GBOs could reflect similar cortical responses, involved in the initial selection and preferential processing of somatosensory stimuli regardless of whether they are nociceptive. Since GBOs have been shown to underlie the synchronization of not only local, but also distant neuronal groups, the finding of discrete and causally related GBOs at contralateral and ipsilateral central electrodes strongly suggests that observed somatosensory GBOs underlie an early transmission of somatosensory input from the contralateral to the ipsilateral SI (Fig. 7) .
We observed that the magnitude of laser-induced GBOs correlates significantly with the subjective pain intensity, but not with the actual stimulus energy (Tables 1, 2; Figs. 4, 6 ). This dissociation could be explained entirely by a combination of peripheral factors (e.g., fluctuations in skin temperature, variability in density, threshold and conduction velocity of type II AMH nociceptors) resulting in a significant difference between the energy of the laser pulse, and the strength of the elicited afferent input in peripheral nociceptors. However, it could also be explained by variability in the central processing of the nociceptive afferent input, resulting from fluctuations in vigilance, focus of attention or task strategy (Legrain et al., 2002 (Legrain et al., , 2003 Lee et al., 2009) , as well as by the limited number of participants of the present study. Nevertheless, the finding that the magnitude of laser-induced GBOs is more closely related to pain perception than to the actual energy of the nociceptive stimulus, together with the large body of evidence indicating that oscillatory activity in the gamma range constitutes a mechanism for integrating low-level cortical processing of basic stimulus features with higherorder cognitive processes like attention and anticipation (Hauck et al., 2007; Tiemann et al., 2010) , suggest that laser-induced GBOs represent cortical activity lying at the very interface between stimulus-driven and top-down determinants of the perception of pain.
